In the fermentation process of biorefinery, industrial strains are normally subjected to adverse environmental stresses, which leads to their slow growth, yield decline, a substantial increase in energy consumption, and other negative consequences, which ultimately seriously hamper the development of biorefinery. How to minimize the impact of stress on microorganisms is of great significance. This review not only reveals the damaging effects of different environmental stresses on microbial strains but also introduces commonly used strategies to improve microbial tolerance, including adaptive evolution, reprogramming of the industrial host based on genetic circuits, global transcription machinery engineering (gTME) and bioprocess integration. Furthermore, by integrating the advantages of these strategies and reducing the cost of system operation, the tolerance of industrial strains, combined with production efficiency and process stability, will be greatly improved, and the development prospects of biorefinery will be more widespread.
Introduction
With the increasingly serious energy crisis and environmental issues worldwide, the traditional chemical industry based on petroleum refining faced upgrading to meet the requirements of green and sustainable development [1] . The biorefinery industry emerges at an historic moment. Major scientific and political agencies have been promoting the phenomenon of "biorefinery" as a solution for sustainable development [2, 3] .
The IEA (International Energy Agency) defines biorefinery as a sustainable production process which, through using biomass as raw materials, generates a series of biobased products and bioenergy [4] . In biorefinery, renewable feedstocks, which are raw materials used in biorefinery (biomass or food waste), are refined to yield fuels and commodity chemicals by means of chemical and biological conversion technologies. Biorefinery can provide the necessary energy and chemicals for production and living [2, 5] (Fig. 1) .
Biorefinery is often compared to a traditional petroleum refinery, which converts fossil crude oil into higher value products [6] . The biggest differences between the two processes are that the raw materials of a petroleum refinery are nonrenewable and characterized by low oxygen content, which will lead to increased carbon emissions, thereby causing environmental problems [7] . Biorefinery uses a wide range of technologies. In particular, these concepts can be applied to biomass resources including bioproducts, biofuels, and chemicals [8] . The raw materials of biorefinery are renewable biomass, including organic crop waste, wood, and straw, which contain a high proportion of oxygen molecules and can enable carbon dioxide recycling by the petroleum refining industry [9, 10] . The NREL (National Renewable Energy Laboratory) divided biorefinery into biomass precursors, basic structures, secondary chemicals, intermediates and final products based on the center compounds. With renewable biomass as raw material, biorefinery can produce various chemical compounds and can enable the upgrading of several industries [11] . Various technological processes of biorefinery are being applied jointly to produce different biological resources [8, 12] .
However, the development of the biorefinery industry is seriously restricted by the relatively high production cost required for maintaining the optimum fermentation conditions and the relatively low productivity of industrial strains, which are affected by different kinds of stresses. For example, during fermentation, industrial strains encounter multiple stresses, including high temperature, low pH, organic solvents, toxic byproducts and mechanical damage [13, 14] . If microorganisms are exposed to novel environments, they may mount erratic nonspecific responses, which may result in cell death [15] . For example, the production of bioethanol using lignocellulose as raw material is an important part of renewable energy. Compared with corn ethanol, cellulosic ethanol fermentation faces more stress factors (mainly from lignocellulose degradation inhibitors). Lignocellulose hydrolysate contains a variety of yeast inhibitors, including weak acids (formic acid, acetic acid, etc.), furan compounds (furfural, hydroxymethyl furfural, etc.) and phenols (vanillin, etc.). The undissociated weak acid can enter the cytoplasm, causing a decrease in intracellular pH and increasing the delay time of the yeast. Furfural, hydroxymethyl furfural and phenols increase ROS and inhibit cell growth through the toxicity of their aldehyde group. The combination fermentation environment of lignocellulose, which is inhibited with high temperature and high concentrations of ethanol, is a great challenge to the stress resistance of yeast. At present, the highest production of cellulosic ethanol reported is only 86 g/L, and it is very difficult to further improve the production of cellulosic ethanol due to the lack of multitolerant yeast [16] [17] [18] . Thus, we can expect that adaptation to novel environments will require the complete reprograming of cellular functions; otherwise, strains exposed to these stress conditions will develop a decreased growth rate, a decline in production, and a higher energy consumption [19, 20] .
Environmental stresses in biorefinery

Heat stress
Heat stress is one of the most important factors affecting the growth of microorganisms [21] . Most of the products of biorefinery are produced by medium temperature fermentation; during fermentation, a large amount of heat energy is released due to cellular metabolism and mechanical agitation, resulting in the continuous rise of the fermentation temperature [22] . When the fermentation temperature exceeds a certain range, the cell is in a heat stress environment.
The harmfulness of heat stress on morphology can be explained by high temperatures resulting in the aggregation of proteins and the imbalance of protein homeostasis. In addition to the incorrect folding of single proteins, high temperatures can also destroy the internal structure of the cell [23] . Moderate heat shock can lead to actin reorganization of stress fibers, and severe heat shock even can lead to the collapse of the actin and microtubule network [24, 25] . With the disruption of the cytoskeleton, the correct location and transport function of the organelle is destroyed [26] , Golgi systems and the endoplasmic reticulum become fragmented into small pieces [27] , and the numbers of mitochondria and lysosomes are decreased [28] . At the same time, the ATP level decreases sharply. Heat stress also affects nucleus function. For example, the ribosome assembly site will be swollen under heat shock and accompanied by a large number of granular errors, RNA deposition, and ribosomal protein aggregation [29] . Heat stress can also cause a serious impact on the cell membrane, including changing morphology and fluidity [30] and enhancing permeability, which leads to a change in cytoplasmic osmotic pressure and pH [31] (Fig. 2A ).
Oxidative stress
When the mitochondrial electron transport system is damaged by environmental stresses, it produces the main toxic byproduct intracellular reactive oxygen species (ROS) [32] . Finally, it causes oxidative stress. ROS are mainly comprised of peroxide anion (·O 2 − ), hydrogen peroxide (H 2 O 2 ), hydroxyl free radical (·OH) and other components. All of these components are based on a molecule or group containing one or more nonpaired electrons and are derived from the molecular state O 2 [33] . High levels of ROS may change DNA structure, modify proteins and lipids, activate several stress-induced transcription factors, and even produce pro-inflammatory and anti-inflammatory cytokines [34] . ROS can also damage biological macromolecules at different levels, such as gene duplication and transcription, protein expression and complex metabolism. Together, these processes have a negative effect on the whole biological function of the production strain. As a result, cell viability and fermentation capacity are greatly damaged, which can ultimately result in cell death [35] (Fig. 2B ).
Acid stress
The unpredictable fluctuation of pH in fermentation is usually complex. The activity of intracellular enzymes can be tremendously influenced by environmental pH, and eventually, fermentation effectiveness will decrease [36] . Acid stress also has a negative effect on the host cell, and it may advance calcification and oxidative stress, worsening inflammation and causing anaerobic metabolism [37] . During organic acid fermentation, the accumulation of products causes acid stress to the strains. The main reason for acid stress is that most of the organic acids exist in a nondissociated form at low pH conditions, and they can directly diffuse into the cytoplasm, quickly releasing protons and reducing the intracellular pH [38] . The continuous acidification of the intracellular environment damages some acid sensitive DNA, denatures proteins, and ultimately affects cell growth. Anderson et al. [39] found that when the cell produces succinic acid in E. coli, with the accumulation of intracellular nadide acid, cell viability and biomass were obviously decreased. Roa et al. [40] used Rhizopus oryzae, which produces fumaric acid. The production reached 30.21 g/L at pH = 5, and when the pH decreased to 3, the yield was only 9.36 g/L (Fig. 2C) . 
Organic Solvent Stress
The stress of organic solvents in industrial fermentation is mainly due to alcohol products. For example, in ethanol fermentation, the accumulation of ethanol may reach up to 17.5% [41] . High-concentration mash fermentation technology can increase the yield and reduce the costs of downstream operations. As ethanol production strains, yeast can resist up to 15% (v/v) of ethanol, but in fermentation, when the ethanol concentration reached 8% (v/v), the growth rate of yeast showed a significant reduction [42] (Fig. 2D) .
The stress of organic solvents on cells is mainly due to two aspects, namely, the effect on cell morphology and the decrease in cell physiological activity. High concentrations of organic solvents can damage the cytoskeleton, damage cell membrane structure, significantly reduce the absorption of nutrients, hinder the synthesis of biological macromolecules, and decrease the activity of enzymes associated with glycolysis [43, 44] . At present, researchers can improve the ethanol-tolerance of yeast by changing the culture medium components or optimizing the culture conditions, but the mechanisms of these processes are not clear [13] .
Ionic liquid stress
Ionic liquids (ILs) are superior solvents for numerous industrial applications, including in the manufacturing of paint additives, and they are also used in pharmaceutical intermediaries [45] . For example, the inherent recalcitrance of biomass requires an initial pretreatment step to render polysaccharides free from lignin for subsequent enzymatic or chemical hydrolysis into fermentable sugars. To solubilize lignocellulosic biomass, certain hydrophilic ILs are highly effective and environmentally friendly pretreatment agents that generate relatively low amounts of biomass-derived inhibitors compared with other conventional pretreatment methods [46] [47] [48] .
IL toxicity is closely connected to the cation families containing imidazolium, pyridinium, piperidinium, and quaternary ammonium cations. In particular, increasing the length of the alkyl chain results in cations having a more linear structure, which increases the toxicity of ILs. The lipophilic nature of ILs is also connected to their toxicity. This property makes ILs permeate the phospholipid bilayer of the cell, thereby disrupting cell membrane structure [49, 50] . A major disadvantage of ILs is their intrinsic microbial toxicity, which impairs the growth of typical biofuel-producing hosts such as E. coli and S. cerevisiae [51, 52] . In addition, the inhibition of biofuel synthetic enzymes by ILs can severely reduce the yield of the final product. The mechanism of microbial tolerance to ILs has not been elucidated. Researchers preliminarily found that ionic liquid resistance is strongly related to the cationic substituted side chain. However, the toxic mechanisms of ILs on various types of organisms remain poorly understood, as the period of genotoxicity, extent of DNA damage, and bioaccumulation of ILs are unknown.
Toxicity byproducts stress
During fermentation, some toxicity byproducts also exert great stress on industrial strains. For example, the pretreatment process of cellulose is based on the premise that, in the industrial production of bioethanol, with the help of cellulase, cellulose will be converted into sugar [53] . At the same time, the process will be produce a large number of inhibitors, and the major compound of these inhibitors is furan aldehyde (mainly furfural and HMF). These inhibitors may delay the growth of yeast and reduce the production of ethanol. Inhibitors of high concentration may even cause a large amount of cell death [54] .
The possible inhibition mechanisms of furfural aldehyde compounds on yeast include 1) directly inhibiting alcohol dehydrogenase, aldehyde dehydrogenase, pyruvate dehydrogenase, hexokinase and glyceraldehyde-3-Phosphate dehydrogenase, resulting in a decreased cell production capacity and prolonged stagnation, 2) inhibiting intracellular aldehyde-oxidizing enzymes, leading to increased ROS content and 3) the fact that yeast can utilize NAD (P) H, which participates in the reduction reaction and converts furfural and HMF to their corresponding alcohol compounds; however, the conversion process leads to a large amount of coenzyme consumption, resulting in the imbalance of intracellular coenzyme levels [55, 56] . Some antioxidant proteins are also inactivated when the coenzyme is reduced, making the yeast cells susceptible to oxidative damage.
Mechanical damage stress
Mechanical damage stress also seriously affects biorefinery. One of the traditional beliefs of the brewing industry is that mechanical agitation during fermentation damages the yeast cell. The damage mainly consists of fluid mechanical stress due to agitation and bursting bubbles Fig. 2 . A. Heat Stress (the left side is a normal status, and the right side is heat resistant status, as the mitochondria and Golgi complex of cell were destroyed) B. Oxidative Stress and the unpleasant effects on cells C. Acid Stress (when the cell were exposed to acid stress, intracellular pH was decreased, DNA was mutated and intracellular protein also was mutated) D. Organic Solvent Stress (when the cell were exposed to organic solvent, the membrane was destroyed, and organic solvent decreased enzyme activity, hindered macromolecule synthesis and reduced nutrient absorption …).
[57]. Frequently, this process is referred to as ''shear damage'' to explain the detrimental changes in bioprocessing when mechanical agitation and aeration are introduced into a bioreactor. Because the fluid mechanical stress, which is associated with bubbles bursting at the surface of the media, has local specific energy dissipation rates, i.e., eT (W/kg), two to three orders of magnitude higher than those found under typical agitation conditions, the stress arising can damage cells [58, 59] .
Strategies for improving the tolerance of industrial strains
In the past decades, researchers have obtained some laboratory strains with different tolerant characteristics through various biological technologies.
Adaptation evolution
Adaptive evolution, also known as laboratory evolution or adaptive laboratory evolution (ALE), is an effective method to study the evolution of microorganisms under specific environmental conditions. It occurs through the long-term domestication of microorganisms under certain environmental pressures to obtain mutant strains with specific physiological functions [60] .
Adaptive evolution has been widely used in the research of microbial evolutionary mechanisms. It is used to screen microorganisms resistant to environmental stresses [61, 62] . Nielsen et al. [63] obtained high yield ethanol yeast strains with adaptive evolution under culture conditions ≥40°C. Genome sequencing and metabolic flux analysis showed that the composition of sterols was significantly changed compared with the original strain. To enhance acid-tolerance, Zhang et al. [64] used adaptation evolution and obtained a Lactobacillus casei strain with good growth performance, a high lactic acid yield, a biomass 60% higher than the original strain, and a growth rate 10% higher than the original strain. The new strain's tolerance to hydrochloric acid was increased by 3.5 times, and its tolerance to lactic acid was increased by 638 times.
Using adaptive evolution to improve the tolerance of microbial strains has made some progress. However, the limitation of the tolerance mechanisms and current research methods limit the effects of the process. In addition, the long breeding cycle, poor passage stability, and the inability to control strain modification seriously obstruct its further development. How to improve the microbial hosts' intelligent response to environmental stress changes is still the key problem.
Reprograming industrial host based on synthetic biology
With the development of synthetic biology, the construction of an artificial synthesis system on a molecular level has attracted considerable attention [65] . By the continuous exploration of various functional gene devices, a large number of new artificial synthetic biological systems have been built. With the continuous analysis of microbial tolerant mechanisms, breeding technology has gradually changed from the nonrational to rational gene operation technology. These developments make the research on robust and intelligent microbial strains more desperately needed. Rational reconstruction focuses on either regulating endogenous transcriptional levels [66] or introducing heterogenous tolerant genes [67] .
Extremophiles refer to microbial strains grown in an extreme environment (high temperature, low temperature, high salt, acid, and other environments). They represent the extreme of life and have a wealth of unknown biological processes and functions [68] . At the same time, they contain many functional proteins with unique properties, which are a rich treasure trove of special functional protein resources [69] . Extremophiles have good adaptability to harsh environments, and as a result, they have a great potential for biotechnology development. Liu et al. [67] have effectively improved the thermotolerance of S. cerevisiae by introducing heat shock protein from Thermoanaerobacter tengcongensis, and their results show that engineered S. cerevisiae Fig. 3 . A. Thermo-robustness mechanism of IMHeRE (including thermo-tolerant system and quorum-regulating system) B. global transcription machinery engineering project (gTME) C. Bioprocess integration and optimization in the pretreatment process of the cellulose. possesses a greatly improved growth ability, as well as production efficiency, under high temperatures. Xu et al. [70] developed an artificial antioxidant defense system and used it to improve the thermotolerance of yeast for the first time. The system showed great potential in balancing the host's oxidative-reductive homeostasis. Jia et al. [71] devised a gene network and named it intelligent microbial heat-regulating engine (IMHeRE) (Fig. 3A) . IMHeRE was utilized to improve the thermorobustness of Escherichia coli via the integration of a thermotolerant system and a quorum-regulating system. At the cell level, the thermotolerant system composed of different heat shock proteins and RNA thermometers hierarchically expands the optimum temperature by sensing heat changes. At the community level, the quorum-regulating system dynamically programs the altruistic sacrifice of individuals to reduce metabolic heat release by sensing the temperature and cell density.
Regulating endogenous transcriptional levels is also an effective way to improve strain tolerance. Si et al. [72] report an automated platform for multiplex genome-scale engineering. Standardized genetic parts encoding overexpression and knockdown mutations of ≥90% of yeast genes are created in a single step from a full-length cDNA library. With the aid of CRISPR-Cas, they improved the acetic acid (HAc) tolerance of Saccharomyces cerevisiae. The Synthetic Yeast Genome Project (Sc2.0) is a trending topic in the field of synthetic biology in recent years. The goal of the Sc2.0 is the complete synthesis of a custom-designed genome for a eukaryotic model organism to serve as a platform for systematic studies of eukaryotic chromosomes [73] . SCRaMbLE (Synthetic Chromosome Rearrangement and Modification by LoxPmediated Evolution) is a genome restructuring technique that can be used in synthetic genomes such as that of Sc2.0 and contains hundreds to thousands of strategically positioned loxPsym sites [74] . Shen et al. [75] used SCRaMbLE to induce rearrangements in yeast strains harboring one or more synthetic chromosomes, and the heterozygous diploid strains showed increased thermotolerance and caffeine tolerance.
Reprograming industrial hosts based on synthetic biology mainly reforms a single or a few genes to enhance the tolerance of the strains. However, it is still necessary to explore the mechanism and identify all tolerant genes for a specific restriction factor. Moreover, overexpression of tolerant genes may excessively burden the host cell, resulting in the imbalance of whole cell metabolism or uncontrolled cell growth.
Overall improving the industrial microorganisms stress resistance ability
It is now generally accepted that most cellular phenotypes are affected by a group of interrelated genes. As a result, engineering a desired phenotype would be facilitated enormously by simultaneous multiple gene modification, yet the capacity to introduce these modifications is very limited. In recent years, with the gradual understanding of microbial regulation mechanisms, overall tolerance transformation methods have been of great concern, and global transcription machinery engineering (gTME) emerges at an historic moment [76] (Fig. 3B) . gTME is a new cell phenotype transformation method, which was proposed by Alper and Stephanopoulos from MIT in 2006 [43] . It uses genetic engineering methods for the transformation of global transcription factors, altering the whole transcription regulation process and thereby affecting the transcription and expression of a series of target genes. gTME can regulate the transcription level of several tens or even hundreds of genes by regulating the key components of the metabolic regulatory network to obtain specific tolerance. Compared with adaptive evolution, gTME has a short experimental period and a clear genetic background. Compared with the expression of tolerant genes, gTME does not depend on a single specific tolerance mechanism.
At present, global tolerant transformation is mainly realized in the following three ways: (1) the transformation of endogenous transcription mechanisms, (2) the introduction of exogenous regulatory factors, and (3) the construction of artificial transcription factors [43, 77] . Alper and Stephanopoulos first used gTME in E. coli and randomly mutated the rpoD gene, which encodes the sigma factor σ70, as σ70 can effect RNA polymerase binding with the promoter. They obtained mutant strains that improved ethanol tolerance and lycopene yield and obtained mutant strains that improved ethanol and SDS tolerance at the same time. The same strategy was used for the transformation of the global transcription factor TATA binding protein TBP (encoding SPT15) in yeast, and the mutant strain spt15-300 was successfully screened for improving both ethanol and glucose tolerance. The analysis showed that spt15-300 has hundreds of genes that are differentially expressed when compared to the original strain [78] .
Tan et al. [77] demonstrate that the ethanol tolerance of Zymomonas mobilis can be greatly enhanced through the random mutagenesis of the global transcription factor RpoD (σ70). All of these examples demonstrate that gTME can provide an alternative and useful approach for strain improvement for complex phenotypes.
Bioprocess integration and optimization for improving the efficiency of biorefinery
Today, bioprocess integration has been developed to optimize both the yield and the cost-effectiveness of production. Researchers aim at developing novel concepts for compact, clean and efficient biotechnological manufacturing processes. For example, because the pretreatment of cellulose would produce a large amount of inhibitor [79] , an effective method of detoxification of pretreatment raw materials before fermentation would be of great use [80] .
Detoxification includes the use of specific enzymes (e.g., laccase) or microorganisms' detoxification to hydrolysis solution. Laccase is a copper containing redox enzyme, which is specific to a single electron oxidated to the phenolic substrate molecule, and generates the corresponding active radical; the active intermediate then is converted to dimers, oligomers, and polymers [81] . In this process, small and medium molecular phenolic compounds are oxidized and polymerized, resulting in lower toxicity of high molecular weight compounds and also reduced toxicity of phenolic substances in lignin cellulose pretreatment solution.
Physical methods include vacuum drying concentrating, cooking, activated carbon adsorption, ion exchange adsorption, and solvent extraction. Vacuum concentration and cooking can reduce volatile inhibitors, and ion exchange and solvent extraction can effectively reduce the acetic acid, furfural and phenolic compounds [82, 83] .
Chemical methods, including the use of bases (NH 4 OH, NaOH, Ca (OH) 2 , etc.) and the excess lime method, can be used for the treatment of hydrolysate. NH 4 OH can effectively remove furan aldehydes, and excess lime treatment can improve the utilization rate of monosaccharides in the hydrolysate [84] . In addition, the washing of pretreatment raw materials is also a simple detoxification process [85] . The combination of two or more methods can achieve better detoxification (Fig. 3C) .
Fermentation optimization can also reduce the effects of inhibitors on production strains. Yeast has a certain degree of inherent resistance to furan aldehydes and phenols. In aerobic and anaerobic conditions, furfural and HMF can be transformed into the corresponding lower toxicity alcohol by yeast. Once furfural and HMF have been transformed completely, the growth and ethanol production ability of yeast would be restored. Optimization of substrate feeding strategy is also an effective measure to alleviate this inhibition. By controlling the feeding rate of the substrate, we can ensure the concentration of inhibitor does not exceed the tolerance of yeast, and the fermentation process can be carried out smoothly.
Discussion
In biorefinery, industrial strains often suffer from different stresses caused by culture environment or self-metabolism, for which extra operations for process conditioning to industrial strain tolerance are economically and energetically prohibited. Strain tolerance induced by stress involves the interactions of many genes on the genome level, including genes associated with protein synthesis, material transport, energy metabolism, lipid metabolism, membrane and cell wall maintenance, transcription factors and signal transduction pathways, etc. Therefore, improving the robustness and tolerance of industrial strains will markedly enhance productivity and the economic efficiency of biorefinery. Now, the challenge facing the development of tolerant industrial strains is that current research is mostly carried out on laboratory model strains and composing medium, thereby making the results difficult to realize in industrial production. To date, no one has applied modern breeding technology to popularize industrial yeast in an effective way from the perspective of industrial application. Adaptive evolution or the introduction of tolerance genes has a limited effect on relieving multiple stresses. As a cell phenotype transformation method, gTME has shown its application potential for improving the multitolerance of strains. Similarly, bioprocess integration and optimization is a wonderful strategy for integrating the advantages of various technologies and reducing the cost of system operation.
With the advancement of technology in synthetic biology, many fully automatized robotic platforms have been established to facilitate high-throughput screening for engineered strains. With the help of high-throughput screening, the combination of genetic circuits, adaptive evolution and bioprocess integration and optimization demonstrated the superiority and necessity of boosting multilevel tolerance (unpublished data) (Fig. 4) . At the same time, the tolerance mechanism of the engineered industrial strains was revealed through transcriptional genome-scale analysis. All these strategies will further improve the industrial microorganisms' resistance ability in biorefinery, expand the product space, and enhance its development prospects.
